Epicatechin (Epi), a flavanol found in foods such as dark chocolate has previously been shown to enhance memory formation in our model system, operant conditioning of aerial respiration in Lymnaea. In those experiments snails were trained in Epi. Here we ask whether snails exposed to Epi before training, during the consolidation period immediately following training, or 1 h after training would enhance memory formation. We report here that Epi is only able to enhance memory if snails are placed in Epi-containing pond water immediately after training. That is, Epi enhances memory formation if it is applied during the memory consolidation period as well as if snails are trained in Epi-containing pond water.
In Lymnaea, (¡) epicatechin (Epi) a naturally occurring flavanol found in dark chocolate confers on snails an enhanced ability to form memory following operant conditioning of aerial respiratory behavior. 1 More recently 2 it was found that Epi application quickly overcame a stress-induced state in which neither learning nor memory occur, and restored memory enhancement. Thus, Epi is a powerful bio-active substance that alters cognitive ability. In humans flavanols in dark chocolate, including Epi, also positively affect cognitive ability. Both epidemiological and clinical studies show that the intake of these flavanols is correlated with a lower incidence of cognitive impairment 3 and cause significantly better cognitive performance in older people. [4] [5] [6] Learning and memory are 2 separate but related processes. We define learning as a change in behavior as a result of experience, while memory is the ability to recall the change in behavior. Here we are concerned with longterm memory (LTM) which persists for at least 24 h following training in Lymnaea. LTM formation is dependent on altered gene activity and new protein synthesis. 7 It has been known for well over a 100 y that following learning there is a period of time, the consolidation period, in which the learning is encoded into memory. In Lymnaea the consolidation period persists for about 1 h. It is possible to alter memory formation during the consolidation period by either enhancing or suppressing it using different stressors. Here we hypothesize that Epi possesses the ability to enhance memory formation if Epi is applied to the snail either 1 h before training or immediately following conditioning (i.e., during the consolidation process 13 ). In all the previous studies of Epi in Lymnaea, snails were trained in Epi-containing pond water (10 min acclimatization time C 30 min of training) and then tested for memory in pond water (i.e., Epi not present). That is, the enhanced memory was not dependent on Epi being present in the memory test session. We did not previously study how long Epi's enhancing effect persisted if applied before training or whether Epi could be applied post-training and still have an enhancing effect on memory formation. In Lymnaea it was recently shown 8 that a thermal stressor's enhancing effect on memory formation could persist for days before training or if applied immediately following training. 9 Here we directly test whether: 1) exposure of snails to Epi 1 h before training, 2) exposure immediately after training, or 3) exposure to Epi 1 h after training results in enhanced memory formation. In all cases snails were exposed to the same concentration of Epi previously used 1 (15 mg l ¡1 ) and for the same period of time (40 min).
To operantly condition aerial respiratory behavior snails were placed in hypoxic pond water and every time they attempted to open their pneumostome to perform aerial respiration they received a tactile stimulus to the pneumostome. 10 This tactile stimulus caused the pneumostome to close. Here snails received a single 0.5 h training session (TS) and then a 0.5 h memory test (MT) 24 h later. We plotted and compared the number of attempted pneumostome openings in both the TS and MT sessions. LTM is operationally defined as there being a significant decrease in the number of attempted pneumostome openings in MT compared to the number of attempted openings in TS.
We first exposed snails to Epi-containing pond water for 40 min 1 h before training (Fig. 1A) . Following exposure to Epi snails were returned to their home aquarium for 1 h and then received the training session (TS) and a memory test (MT) 24 h later. As can be seen in Figure 1A , LTM was not present. That is, the number of attempted openings in MT was not significantly less than in TS. Next (Fig. 1B) , snails were first trained in pond water (TS) and then immediately placed into Epicontaining pond water for 40 minutes. They were then returned to their home aquarium and tested for LTM 24 h later. As can be seen the number of attempted pneumostome openings in MT was significantly less than in TS. Thus, LTM formed as a result of this procedure. Finally (Fig. 1C) Together, these data show that Epi can enhance memory formation if snails are either trained in Epi 1,2,11 or exposed to Epi-containing pond water immediately after training (Fig. 1B) . Pretreating snails with Epi 1 h before or delaying exposure to Epi 1 h after training did not result in an Epi-induced enhancement of memory formation. Previously, [12] [13] [14] [15] [16] [17] it was shown in Lymnaea that it was only possible to block memory formation by applying a cold block (10 min in 4 C pond water) immediately after conditioning training. If applied 1 h after training the cold block was not effective in preventing memory formation. These previous data suggest that the consolidation period begins immediately after the training session and persists for up to 1 h. Thus, applying a cold block during this time is sufficient to block memory formation. Here we found that the application of Epi was sufficient to cause LTM formation, but only during the consolidation process when the molecular processes that underlie memory formation are active.
Previously it was shown that predator detection in Lymnaea also caused memory enhancement, but this enhancement only occurred if the snail detected the presence of the predator during the training session. 18, 19 However, predator detection occurring during the consolidation period (i.e., immediately after training) did not cause memory enhancement. In studies of how a thermal stressor enhanced memory formation 8, 9 it was shown that pre-exposing snails to the stressor from 3 d to 1 h beforehand was sufficient to enhance memory formation. Finally, it was shown 8 that heat-shock proteins (HSPs), which are elicited by the thermal stimulus 20 together with DNA-methylation play a necessary role in the memory enhancement process. 2 Whether HSPs and DNA methylation are necessary for memory enhancement caused by Epi remain to be determined.
We had hypothesized, based on the results from the thermal stressor, that Epi pre-treatment 1 h beforehand would cause memory enhancement. This was not the case. Thus, it appears that there are a number of different mechanisms that underlie the enhancement of memory formation. These mechanisms include the elaboration of HSPs and DNA methylation. However, while DNA methylation appears to be involved with predator detection and the thermal stressor, 2,21,22 the DNA methylation process involved with predator detection only appears to be activated when the predator is detected during the training procedure. That is, it appears to be an activity dependent process. On the other hand, the thermal stressor-induced memory enhancement persists for many days. Together these data show that while the behavioral phenotype of memory enhancement looks similar there are probably many different mechanisms underlying it.
It is still unclear how Epi brings about memory enhancement. Experiments now in progress show that Epi alters the activity of neuron RPeD1, a neuron known to be necessary for memory formation, reconsolidation, extinction and forgetting. [23] [24] [25] [26] It is possible that Epi also alters the activity of other neurons involved in mediating aerial respiratory behaviors or neurons up-stream of the central pattern generator that drives aerial respiration.
In conclusion we found that Epi is able to cause an enhancement of memory formation if the snail experienced Epi immediately after training (i.e., during the consolidation period). Epi exposure 1 h before training and 1 h after training was not sufficient to cause memory enhancement. Epi is a very powerful memory enhancer in Lymnaea. However, it must be experienced either during training or immediately after training to effectively enhance memory.
Disclosure of potential conflicts of interest
No potential conflicts of interest were disclosed.
